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A B S T R A C T

Mass transfer is of paramount importance for an efficient operation of liquid metal batteries. We show for the first
time that electrodynamically driven flow can indeed improve mixing of liquid electrodes, and reduces concen-
tration polarisation substantially. Simulating the discharge of a realistic LijjBi cell at 1 A/cm2, the corresponding
overpotential reduces by up to 62%. Moreover, the formation of intermetallic phases is delayed, which improves
capacity usage. Finally, we demonstrate that vertical magnetic fields – which are originating from external sources
– change the flow structure entirely, and will homogenise the positive electrode even better.
1. Introduction

Liquid metal batteries (LMBs) consist of two liquid metal electrodes,
which are separated by a molten salt electrolyte. The three phases self-
segregate due to mutual immiscibility, as illustrated in Fig. 1. When
discharging such cells, the anodemetal is transferred from the negative to
the positive electrode, where it alloys with the cathode metal. Employing
earth-abundant elements, LMBs are ideal candidates for low-cost sta-
tionary energy storage with a long lifetime and high current densities [1].
They are perfectly suited for applications like load levelling or frequency
control, and will help to include intermittent renewable energies into the
electric grid.

Almost 60 years ago, Agruss et al. [3] noticed that this alloying is a
slow process. Especially at elevated currents, a thin layer with a high
concentration of the anode metal develops on top of the positive elec-
trode. As the cell potential depends directly on the interface concentra-
tion, it decreases. Such polarisation effects were observed later in many
different Na and K-based LMBs [4–7], but especially at high discharge
currents [8]. Similarly, anode-metal-depleted layers were observed dur-
ing charge of the cells [7]. Finally, it was also noticed that mass transfer
in the positive electrode determines the maximum charge and discharge
current of a cell [9,10].

As soon as the anode metal exceeds locally a certain concentration, a
solid intermetallic forms [10,11]. These intermetallic phases are typically
of low density, and therefore float on top of the positive electrode [12].
Dendrites may even grow through the electrolyte and short-circuit the cell
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[13,14]. While intermetallic layers are generally detrimental to the oper-
ation of Na-, K- and Ca-based cells, LijjBi LMBs can perfectly be operated
even with an intermetallic layer [2], because diffusion of Li in the Li3Bi
phase is only an order of magnitude slower than in the liquid alloy.

Already in the early days it was noticed that convectional stirring of
the positive electrode might prevent the formation of concentration
layers [7], and increase the performance of LMBs. Mixing effects due to
surface tension gradients were expected to appear naturally [3], but also
thermal convection [10] and even mechanical stirring for reducing
concentration effects were discussed in the 1960s [6,11].

Unfortunately, the stratification in the concentration layers is typi-
cally strong because of the large density difference between anode and
cathode metal [15]. Consequently, it is not easy to generate a sufficiently
violent fluid flow that is able to mix the positive electrode. For example,
thermal convection is comparably weak and will not drive a substantial
flow in the positive electrode during normal operation of the cells
[16–18] – only a strong external heating from the side or the bottom
might be used for that purpose [19–21]. Still, the mixing effect is
assumed to be small.

Fortunately, concentration polarisation is negligible when charging
an LMB. There, strong solutal convection develops, and mixes the alloy
thoroughly [22]. The missing brick is, therefore, a means to drive flow
during discharge. For this purpose, electro-vortex flow was often dis-
cussed to be useful [23,24]. Such electrodynamically driven flow appears
where current lines diverge [25], and will therefore always be present in
LMBs [26–28].
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Fig. 1. Setup and dimensions of the studied cell. The battery is cylindrical, and
the dimensions are in mm [2].
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Wewill show in this article for the first time that electro-vortex flow is
indeed strong enough to counteract the stable stratification and to reduce
the concentration gradient thickness in a realistic battery, thereby
increasing cell voltage and efficiency, and delaying the formation of local
intermetallics. All simulations are done for a fully three-dimensional
LMB, with a realistic aspect ratio of the positive electrode and with
realistic boundary conditions at the fluid-fluid interface.

2. Physical and numerical model

2.1. Liquid metal battery experiment & material properties

We model a LijjBi cell, which was experimentally studied by Ning
et al. [2] – Fig. 1 gives the dimensions. As a simplification, we always
assume the metal foam to be fully filled with Li. Moreover, we take the
thickness of the positive electrode as constant (2.8mm), corresponding
to a fully charged cell.

The battery is operated at 550∘C; the corresponding material prop-
erties are given in Table 1. As a simplification we use the transport
properties of Bi for the alloy, as well. The solutal expansion coefficient is
estimated as β ¼ 1:3 �10�3 m3/kg for a molar fraction of Li in Bi up to
0.525 using Vegard's law. The diffusion coefficient of Li in Bi is assumed
to be constant in the whole concentration range, and is estimated as D ¼
8 � 10�9 m2/s [29]. Finally, the open circuit potential is fitted for 550∘C
with data from Gasior [30] as

Eocv ¼ 0:71� 0:078 � lnðxÞ� 0:029x� 0:27x2: (1)

At molar fractions larger than x ¼ 0:525 the intermetallic phase forms
and the open circuit potential stays constant as Eocv ¼ 0:663 V.
Table 1
Material properties of a LijLiCl–LiF(70:30)jBi LMB at 550∘C [31–36] (* estimated val

symbol unit Li salt

ν m2/s – *1.6�10�6

ρ kg/m3 482 1568
σ S/m 2.5�106 409

2

2.2. Numerical model

We use a fully three-dimensional model implemented in the open
source CFD library OpenFOAM [37]. Employing the parent-child mesh
method [38], we create one global mesh for the complete battery, as well
as two separate meshes, one for the cathode and one for the electrolyte.
While a solution for certain variables (e.g. current density) is computed
on the global mesh, other variables (e.g. flow velocity) are solved for only
on the child meshes. As the meshes are perfectly overlapping, variables
can easily be mapped between them.

Applying a constant current at both electrodes, we solve the electric
potential φ in the entire battery in a first step as

r � σrφ ¼ 0; (2)

with σ denoting the electric conductivity. We create the matrix for the
Poisson equation in such a way that the electric potential at the interface
between electrolyte and positive electrode increases stepwise by the
magnitude of the open circuit potential (eqn. (1)). As no current can flow
from the electrolyte to the housing, we decouple the potential at this
interface. Thereafter, we find the current density as

j¼ � σrφ: (3)

The magnetic field inside the LMB is determined by solving the induction
equation in the quasi-static limit [38,39]

0¼Δb; (4)

with the boundary condition obtained from Biot-Savart's law as

bðrÞ¼ μ0
4π

Z
jðr'Þ � ðr� r'Þ

jr� r'j3 dV ': (5)

This gives finally the Lorentz force

f ¼ j� b: (6)

Using the inductionless approximation, we assume the Lorentz force to
be constant during the simulation [38]. This is justified as the magnetic
Reynolds number of the alloy Rm � 10�4 is considerably lower than
0.01.

We map the computed Lorentz force to two separate fluid meshes for
the positive electrode and the electrolyte. There, we solve the Navier-
Stokes equations

∂u
∂t þr � ðuuÞ¼ �rpd þr� ðνruÞ� g � xrρk þ

f
ρ0

(7)

r �u ¼ 0; (8)

with u denoting velocity, t time, g gravity, x the coordinate vector, pd a
modified pressure [40], ν the kinematic viscosity and ρ0 the reference
density, which is obtained using Vegard’s law. Using the
Oberbeck-Boussinesq approximation, we account for density changes
only in the gravity term and compute the relative density change as

ρk ¼ 1� β
�
γ� γref

�
; (9)
ues).

Bi Cu steel Al2O3

1.2� 10�7
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with β denoting the solutal expansion coefficient, γ the mass concentra-
tion of Li (in kg/m3) and γref the reference concentration. The velocities
are coupled at the electrolyte-positive electrode interface with appro-
priate boundary conditions. Finally, the mass concentration of Li in Bi is
determined by solving [22]

∂γ
∂t þr � ðuγÞ¼r � ðDrγÞ: (10)

The concentration gradient of Li at the electrolyte-positive electrode
interface is given by Faraday's law as

rγ �n ¼ � jM
zFD

�n; (11)

with the molar mass of LiM, the Faraday constant F, the interface normal
vector n and the number of exchanged electrons z. The Li concentration
at the electrolyte-interface is then mapped to the global mesh, and con-
verted to molar fraction using a constant reference concentration of Bi.
This is used then to compute the open-circuit potential according to eqn.
(1).

The geometry is meshed with approximately 3 million purely
orthogonal control volumes (180 cells over the diameter), with the pos-
itive electrode being strongly refined (30 cells over the height). The time
step is chosen such that the Courant-Friedrich-Lewy condition [41] is
fulfilled; specifically the CFL number is limited to 0.5. As we assume the
Lorentz force and thickness of the positive electrode to be constant, we
restrict the simulation time to a few minutes. All temperature effects are
neglected by keeping the cell at a constant temperature of 550∘C. Finally,
our model does not include solidification – therefore, we will not show
overpotentials in the two-phase area.
Fig. 2. Cell potential (a) and concentration polarisation (b) for a fully charged LMB (x
in (a) show the cell potential using an analytical solution for pure diffusion [22]. We
use a solidification model. The discharge current density is 1 A/cm2 in all cases.
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3. Results & discussion

We simulate the discharge of a 10 cm diameter LijjBi cell at a constant
current of 62.2 A, which corresponds to a current density of 1 A/cm2

based on the positive electrode-electrolyte interface. Firstly, we study a
fully charged cell, with a homogeneous Li molar fraction of x ¼ 0:02, and
thereafter a medium charged cell with x ¼ 0:4. The latter can be ex-
pected e.g. after a limited charge of an empty cell. Each case is simulated
with and without electro-vortex flow, as well as with the influence of an
artificial vertical magnetic field. A small field in the order of Bz ¼ 0:05
mT is always present from the Earth's magnetism, while larger ones up to
1mT might readily be generated by looping the supply lines of the cells.

For a certain validation of our numerical solution, we plot in Fig. 2a
also the cell potential, obtained using an analytical solution for diffusion
(eqn. (6) in Ref. [22]). The latter assumes a uniform mass flux of lithium
corresponding to a current density of 1 A/cm2 on top of a semi-infinite
positive electrode.

We clearly observe in Fig. 2 that already a simple electro-vortex flow
alone may reduce the concentration overpotential by about 8mV. The
flow profile, as illustrated in Fig. 3 resembles much the one observed in
Ref. [24], and can be explained by the slightly lateral current supply (see
Fig. 1). Although the flow velocity is small (1mm/s) it helps to move the
Li from the centre of the cell to the outside (compare Fig. 3b and c). The
vertical mixing is, however, very limited.

Vertical magnetic fields are known to generate a strong swirling flow
easily [23,24,42]. We apply therefore a vertical field of 0.5mT (i.e. 10
times the Earth magnetic field), and observe a strong rotating flow with a
peak velocity of 10mm/s (Fig. 4b). This swirl primarily pushes the Li
from the centre to the rim of the cell, but mixes vertically as well, as
illustrated in Fig. 4c. The concentration overpotential is reduced up to
¼ 0:02), and the same for a medium discharged cell (x ¼ 0:4) (c–d). The points
do not show the overpotential when the alloy solidifies in (d), because we do not



Fig. 3. Alloy density without (b) and with flow (c), and the flow velocity (d) at
the positive electrode-electrolyte interface, as well as the corresponding cross-
sections of the positive electrode (a,e). The cell was fully charged (x ¼ 0:02),
the vertical magnetic field is zero and t ¼ 5 min. (a) and (e) are stretched by a
factor of three in vertical direction.
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37mV, which is much more than with a simple electro-vortex flow
(Fig. 2b). Interestingly, only the onset of the flow depends much on the
magnitude of the vertical field, but not the final overpotential (Fig. 2a
and b).

Finally, we discharge an already fairly empty cell (Fig. 2c and d).
When reaching a local Li-mole fraction of x ¼ 0:525 the intermetallic
phase is formed, and the cell potential stabilises. As we observe in Fig. 2c,
it is possible to delay the formation of this solid layer considerably by
applying an electro-vortex flow. This way, we might extend the capacity
usage especially of Na-, K- and Ca-based liquid metal batteries in which
intermetallics are a serious concern.

All results shown before were obtained for cylindrical, 10 cm diam-
eter cells at 1 A/cm2. It can be expected that in square cells similar flows
will have a similar effect; however, one might suspect that the corners are
less well mixed and that Li accumulates there. Knowing that – above a
certain threshold – electro-vortex flows scale linearly with the current, it
is very much probable that larger batteries –with larger total cell currents
– will benefit from stronger flow with better mixing. Finally, we con-
ducted a number of simulations at 300mA/cm2. There, we still observed
a strong reduction of concentration polarisation as long as a vertical
magnetic field was present. It might, however, be challenging to generate
this field (in the order of 0.5mT) by the now relatively low total cell
currents alone. Given that concentration polarisation and undesirable
Fig. 4. Alloy density (a) and fluid flow (b) at the positive electrode-electrolyte
interface and corresponding cross-section of the positive electrode (c) for a
vertical magnetic field of Bz ¼ 0:5 mT. The cell was fully charged (x ¼ 0:02)
and t ¼ 5 min. (c) is stretched by a factor of three in vertical direction.
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solidification is mostly a challenge at high current densities, the combi-
nation of electro-vortex flow with a vertical magnetic field can be indeed
beneficial to improve cell efficiency under realistic conditions.

4. Summary

We have modelled the electric potential, current density, buoyant
electro-vortex flow and Li concentration in a 10 cm diameter LijjBi liquid
metal battery (LMB). Simulating only the discharge at 1 A/cm2, we
compared the effect of pure diffusive Li-transport, simple electro-vortex
flow and a swirling flow in the positive electrode. We found that even
electro-vortex flow alone can reduce the concentration overpotential up
to 13%. Swirling flow, however, reduces the voltage losses up to 62% and
is therefore still better suited to enhance mass transfer in LMBs. The
magnetic field, which drives this swirling flow, might be generated e.g.
by a loop in the current supply lines. Besides of reducing polarisation
effects, we have shown that fluid flow delays the formation of solid
intermetallic layers, as well. Overall, improved mixing increases capacity
usage and prevents the potentially damaging effects of intermetallics
formation.
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